Originally identified as a lipopolysaccharide binding protein with Gram-negative bactericidal activity in the leukocytes, bactericidal/permeability-increasing protein (BPI) has been shown to induce various effects in retinal cells in vivo and in vitro. METHODS. The authors recently reported that BPI can induce ERK1/2 and Akt activity and that it increases DNA synthesis in the bovine retinal pigment epithelial (RPE) and pericyte cells. The authors have extended the characterization of BPI interaction with membrane proteins from bovine RPE. Crude membrane pools from RPE were isolated, solubilized, and bound to rBPI 21 affinity column. Bound proteins were separated by SDS-PAGE and stained with Coomassie blue, which showed an intense band at 36 kDa consistently displaced by rBPI 21 . RESULTS. Tandem mass spectrometry of the 36-kDa band suggested that cell surface protein glypican 4 (GPC4) serves as a putative BPI-binding protein. Heparitinase, phosphatidylinositol-specific phospholipase C, and anti-GPC4 antibody suppressed BPI-induced ERK and Akt phosphorylation in bovine RPE. Moreover, heparitinase also inhibited BPI actions on VEGF and PDGF-B mRNA expression induced by H 2 O 2 . CONCLUSIONS. These new findings suggest that GPC4 is a specific binding protein for BPI on RPE to mediate the activation of ERK1/2, Akt, and the mRNA expressions of PDGF-B and VEGF. (Invest Ophthalmol Vis Sci. 2007;48:5750 -5755) DOI: 10.1167/iovs.07-0470 O riginally identified as a lipopolysaccharide (LPS) binding protein with specific Gram-negative bactericidal activity released from the azurophilic granules of neutrophils, 1,2 bactericidal/permeability-increasing protein (BPI) is known to be expressed in a variety of cell types such as epithelial cells in the trachea and the gut. 3 Recently, our group has demonstrated that BPI mRNA levels can also be detected in bovine retina, retinal pigment epithelial (RPE), and primary cultures of bovine RPE (BRPE) cells, pericytes, and endothelial cells.
O riginally identified as a lipopolysaccharide (LPS) binding protein with specific Gram-negative bactericidal activity released from the azurophilic granules of neutrophils, 1,2 bactericidal/permeability-increasing protein (BPI) is known to be expressed in a variety of cell types such as epithelial cells in the trachea and the gut. 3 Recently, our group has demonstrated that BPI mRNA levels can also be detected in bovine retina, retinal pigment epithelial (RPE), and primary cultures of bovine RPE (BRPE) cells, pericytes, and endothelial cells. 4 Several recent reports showed that BPI has multiple antiangiogenic effects, such as inducing apoptosis in human umbilical veinderived endothelial cells and inhibiting angiogenesis in chorioallantoic membrane. 5 The human recombinant 21-kDa modified amino-terminal fragment of BPI (rBPI 21 ) retained the bactericidal and LPS binding activity at equivalent or greater potency than the holoprotein. 6, 7 Interestingly, we reported that rBPI 21 can also promote bovine pericyte and BRPE growth and can paradoxically suppress vascular endothelial growth factor (VEGF)-induced mitogenic actions in BRPE cells. 8 In diseases such as retinopathy of prematurity and proliferative diabetic retinopathy, the major cellular abnormalities include the selective loss or apoptosis of retinal capillary pericytes and RPE cells and the subsequent development of new blood vessels in hemorrhage and retinal detachment. 9 ,10 VEGF, a potent endothelial cell mitogen and angiogenic factor, is crucial for normal and important pathologic angiogenesis. VEGF is strongly and preferentially induced by hypoxia and oxidants in RPE cells. 11 Platelet-derived growth factor (PDGF)-B is also critically involved in the recruitment of pericytes to a variety of vascular beds such as brain, kidney, heart, lung, retina, and adipose tissue. 12 Animal model studies involving genetic or pharmacologic inhibition of PDGF-B mRNA/ PDGF-B receptor pathway have demonstrated that the resultant pericyte deficiency is sufficient to trigger states of retinopathy that are similar to nonproliferative diabetic retinopathy. 13 This insight regarding PDGF-B mRNA suggests that the induction of angiogenesis in the retina requires not only an elevation of VEGF but may be enhanced by a decrease in PDGF action. 14 The degeneration of RPE also may result in decreases in the production of pigment epithelial-derived factor and PDGF. This would permit the choriocapillaris to respond to endogenous tissue growth factors and to invade the RPE cell layer, including the macula, causing degeneration of the retina and loss of visual function.
We have recently reported that BPI is endogenously expressed in epithelial and vascular cells in the retina and that it can induce biological actions on microvascular cells to decrease hypoxia-induced angiogenesis and VEGF-or diabetesinduced permeability in the retina. 4 To investigate further the mechanistic actions of BPI, we characterized the binding properties by which BPI could influence its cellular signaling actions in BRPE.
MATERIALS AND METHODS

Cells
Fresh calf eyes were obtained from a local abattoir. Primary cultures of BRPE were isolated by homogenization and a series of filtration steps, as described previously. 15 Briefly, cells were isolated by gentle scraping after removal of the neural retina and incubation with 0.2% colla- 16 BRPE cells were subsequently propagated in Dulbecco modified Eagle medium (DMEM) with 5.5 mM glucose and 10% fetal bovine serum (FBS; Gibco BRL, Grand Island, NY). Cells were cultured in 5% CO 2 at 37°C, and media were changed every other day. The authenticity of BRPE was verified by the presence of pigment granules on transmission electron microscopy. 16 BRPEs from passages 2 through 5 were used in these experiments. Cells remained morphologically unchanged under these conditions, as confirmed by light microscopy.
Reagents
rBPI 21 , a 21-kDa human recombinant modified, amino-terminal fragment of BPI, was provided by XOMA (Berkeley, CA).
17 rBPI 21 preparations were tested in rabbit pyrogen assay, and no endotoxin was detected. Heat-inactivated rBPI 21 was made by boiling at 100°C for 4 hours. Materials were obtained from commercial sources, as follows: primary antibodies for immunoblotting, including anti-phospho-Akt, total-Akt, phospho-p44/42, and total-ERK from Cell Signaling (Beverly, MA); phosphatidylinositol-specific phospholipase C from Sigma (St. Louis, MO); sodium heparin from Elkins-sinn (Cherry Hill, NJ); tropicamide from Alcon Laboratories (Fort Worth, TX); activated media (Affi-Gel 10) from Bio-Rad Laboratories (Hercules, CA); heparitinase from Seikagaku Corporation (Tokyo, Japan) and from Sigma. Antiglypican 4 antibody was a generous gift from Dr. M. Ford-Perris (Department of Anatomy and Cell Biology, University of Melbourne, Parkville, Victoria, Australia).
18
Immunoblot Analysis
Cells were stimulated with the compounds indicated after overnight starvation in 0.1% BSA. Cells were lysed in Laemmli buffer (50 mM Tris [pH 6.8], 2% SDS, and 10% glycerol) containing protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 2 g/mL aprotinin, 10 g/mL leupeptin, 1 mM Na 3 VO 4 ; Sigma). Samples were separated by SDS-PAGE, transferred to nitrocellulose membrane, and blocked with 5% skim milk. Antigens were detected using horseradish peroxidase-linked surface protein (Protein A; Amersham Biosciences, Freiburg, Germany) for Western blotting with anti-GPC4 antibody or anti-rabbit horseradish peroxidase-conjugated antibody for other Western blotting and detected with the enhanced chemiluminescence (ECL) system (Amersham Biosciences).
Real-Time PCR Analysis
Real-time PCR was performed to evaluate mRNA expressions of VEGF and PDGF-B in cultured BRPE. Total RNA was extracted from cultured cells with reagent (Tri-Reagent; Invitrogen, Carlsbad, CA), as described by the manufacturer and treated with DNAse I (DNAse I; Invitrogen) to remove any genomic DNA contamination. Approximately 1 g RNA was used to generate cDNA using reverse transcriptase and random hexamers (SuperScript II; Invitrogen) at 42°C for 60 minutes. PCR primers and probes were as follows: bovine VEGF (GenBank NM 174216), forward 5Ј-CCATCACAGAACAATCCTGAA-3Ј, reverse 5Ј-TGCGCACAGCCTCCTCTT-3Ј, probe 5Ј6FAM-CAGAAACCTGACAT-GAAG-TAMRA3Ј; bovine PDGF-B mRNA (GenBank NM 001017953), forward 5Ј-GAGAGTGTGGGCAGGGTTATTT-3Ј, reverse 5Ј-GGGAA-CAATATAATCACTCCAAGGA-3Ј, probe 5Ј6FAM-TATGGTATTTGCTG-TATTGCCCCCATGG-TAMRA3Ј. 18S ribosomal RNA expression was used for normalization. PCR products were gel purified, subcloned (QIA Quick PCR Purification kit; Qiagen, Valencia, CA), and sequenced in both directions to confirm identity.
Isolation of BPI Binding Protein
Ten milligrams rBPI 21 was dialyzed against HEPES buffer (0.1% HEPES [pH 8.0]). Activated media (Affi-Gel 10, 1 mL; Bio-Rad Laboratories) was washed with 3 vol deionized water and subsequently mixed with the rBPI 21 solution. After shaking the mixture overnight at 4°C, the gel was washed and subsequently equilibrated with PBS. BRPE were scraped, washed, and homogenized by douncing for 50 strokes in hypotonic lysis buffer (20 mM Tris [pH 7.4], 2 mM EDTA, 0.5 mM EGTA, 1 mM dithiothreitol, 0.1 mg/mL aprotinin). After centrifugation at 1000g for 5 minutes, the supernatant was centrifuged at 100,000g for 30 minutes in a rotor (70.1TI; Beckman, Hialeah, FL). The pellet containing crude plasma membrane fraction (including mitochondrial membrane and endoplasmic reticulum) was resuspended in Laemmli buffer. Two milligrams resuspended pellet was incubated with and without 20 g rBPI 21 or heat-inactivated rBPI 21 overnight at 4°C and then with 100 L activated media (Affi-Gel 10, 1 mL; Bio-Rad Laboratories) coupled with rBPI 21 overnight at 4°C. Proteins were eluted with Laemmli buffer, separated by SDS-PAGE, and stained with Coomassie blue.
Tandem Mass Spectrometry
Gel slices were digested with trypsin (Promega, Madison, WI) and analyzed by capillary liquid chromatography, nanospray ionization, and tandem mass spectroscopy (MS) using a two-dimensional linear ion trap mass spectrometer (LTQ; Thermo Finnigan, Hemel Hempstead, Hertfordshire, UK). Data acquisition was carried out using a sequence of full-scan MS (range, 400-1200 m/z) followed by 10 data-dependent MS 2 events. Assignment of MS 2 data was performed using the nonredundant (nr) protein database from the National Center for Biotechnology Information and from Thermo Finnigan (TurboSequest; BioWorks 3.1). Variable posttranslational modifications were made based on the following criteria: cross-correlation score (Xcorr) greater than 1.5, 2.0, and 2.5 for charge states ϩ1, ϩ2, and ϩ3, respectively; dCN (Delta Correlation) greater than 0.1; Sp (Primary Score) greater than 500; Rsp (ranking of the primary score), 1; and percentage of fragment ions greater than 30%. Proteins were identified when two or more unique peptides were matched.
Statistical Analysis
Differences among groups with normal distribution and equal variance were analyzed using unpaired Student's t-tests. ANOVA with Tukey test was used for multiple comparisons of data with equal variance and normal distribution. P Ͻ 0.05 was considered statistically significant.
RESULTS
Identification of Membrane BPI-Binding Protein
Because rBPI 21 rapidly induced ERK phosphorylation, we speculated that there could be BPI binding proteins or receptors on the surface of BRPE. To identify this molecule, the membrane fraction derived from BRPE was fractionated using affinity chromatography on an immobilized rBPI 21 column. Proteins were eluted from the gel separated by SDS-PAGE and stained with Coomassie blue. Analysis of crude preparation of membrane protein binding to immobilized rBPI 21 suggested a 36-kDa band with more intense Coomassie blue staining in the samples without BPI or with heat-inactivated rBPI 21 than the membrane protein fraction that was preincubated with excess free rBPI 21 (Fig. 1A) . The band at 36 kDa was excised from the gel and digested with trypsin, and the resultant peptide fragments were analyzed by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS). Analysis of MS/MS spectra (TurboSequest; Thermo Scientific, Waltham, MA) revealed that this band contained a mixture of proteins, only one of which was a protein known to exist on the cell surface, termed glypican 4 (GPC4) (Fig. 1B) . The band size is smaller than the expected size of 67 kDa. However, previous reports have shown that various bands including a 32-to 36-kDa fragment are observed by Western blotting of GPC4. 1819, 20 Thus, GPC4 detected at 36 kDa is identified as a potential candidate for BPI binding protein.
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Reduction of rBPI 21 -Induced Akt and ERK Phosphorylation in BRPE by Heparitinase
Glypicans are glycosylphosphatidylinositol (GPI)-anchored heparan sulfate proteoglycans that are expressed on the cell surface. 21 Thus, if GPC4 is a BPI binding protein, heparitinase treatment, which specifically cleaves heparan sulfate chains, should disrupt BPI binding to GPC4 and impede signal transduction. BPI-induced Akt phosphorylation was reduced by 72% and 78% at 0.5 M and 1 M rBPI 21 (P ϭ 0.031 and P Ͻ 0.001), respectively ( Fig. 2A) . Preincubating BRPE cells with heparitinase also reduced rBPI 21 -induced ERK phosphorylation by 54% (P ϭ 0.059) and 83% (P ϭ 0.018) at 0.1 M and 0.5 M rBPI 21 , respectively (Fig. 2B) .
Heparitinase Prevents rBPI 21 Effects on VEGF and PDGF-B mRNA Expression
It is well known that overexpression of VEGF and oxidative stress in retina are the main pathologic mechanisms of retinopathy of prematurity (ROP). 4 We previously demonstrated that rBPI 21 can suppress retinal neovascularization in the murine model of retinopathy. Therefore, to evaluate the potential mechanism related to this inhibitory action of rBPI 21 , we measured the effect of rBPI 21 on the expressions of VEGF and PDGF-B mRNA induced by H 2 O 2 . VEGF mRNA expression was increased after a 4-hour incubation with H 2 O 2 (100 M) by 3.5-fold (P Ͻ 0.05; Fig. 3A) . Coincubation with rBPI 21 (1 M) reduced by 70% the mRNA expression of VEGF induced by H 2 O 2 (P Ͻ 0.05). These effects of rBPI 21 were blocked when cells were pretreated with a dose-dependent effect of heparitinase with maximum inhibition at 0.04 U/mL (P Ͻ 0.05; Fig.  3A ). Addition of rBPI 21 alone reduced VEGF mRNA expression FIGURE 1. BPI membrane-binding protein identification by LC-MS/MS. BRPE crude membrane proteins, with and without rBPI 21 preincubation, were separated by SDS-PAGE (A). Area quantitation was performed (B), and the area of each band was normalized by the total area. The area of the 36-kDa band (arrowhead) was most decreased after preincubation with excess free rBPI 21 , analyzed with LC-MS/MS after in-gel tryptic digests for sequencing and database searching, and identified as GPC4. These studies were performed twice. by 50% compared with PBS-treated cells. This effect of rBPI 21 was also prevented completely by heparitinase preincubation (P Ͻ 0.05). In contrast to VEGF, rBPI 21 stimulated mRNA expression of PDGF-B mRNA in BRPE by twofold (P Ͻ 0.05; Fig. 3B ). Preincubating BRPE with heparitinase at a concentration of 0.02 and 0.04 U/mL reduced rBPI 21 -induced PDGF-B mRNA expression by 51% and 91% (P Ͻ 0.05; Fig. 3B ). Heparitinase alone had no effect on either VEGF or PDGF-B mRNA expression. Furthermore, the use of inactivated rBPI 21 had no effect on preventing H 2 O 2 -induced VEGF mRNA expression or on increasing PDGF mRNA expression in RPE (Figs. 3A, 3B ).
Phosphatidylinositol-Specific Phospholipase C Prevented rBPI21 Effects on Akt Phosphorylation
Phospholipase C (PLC) converts phosphatidylinositol to inositol triphosphate and diacylglycerol and increases the activity of protein kinase C. 22 In the present study, similar to heparitinase, phosphatidylinositol-specific PLC was used to cleave the GPIanchored portion of GPC4. The addition of PLC (0.2 U/mL) suppressed rBPI 21 -induced Akt phosphorylation by 25% and 42% at 0.5 M and 1 M rBPI21 (P ϭ 0.03 and P ϭ 0.006, respectively; Fig. 4 ).
Blocking GPC-4 Binding Reduced rBPI21-Induced Phosphorylation of Akt
To determine further that GPC4 was responsible for mediating rBPI 21 -induced Akt phosphorylation in BRPE, the effects of using neutralizing antibodies to GPC4 was studied. Incubation with several concentrations of GPC4 blocking antibody (60, 1.2, and 0.6 g/mL) resulted in the suppression of 0.5 M rBPI 21 -induced Akt phosphorylation by 76.9%, 37.5%, and 21.1%, respectively (Fig. 5) .
DISCUSSION
We have recently characterized for the first time the expression of BPI and the potential biological and physiological effects related to its cellular signaling pathway in the retina in vivo and in cultured retinal cells. 4 In the present study, we provided new insight on a potential mechanism related to BPI-binding protein and signaling pathway in BRPE. Initially, BPI expression was only observed in the azurophilic granules of neutrophils. 1 More recently, studies have reported its expression in other cell types, such as mucosal epithelial cells of diverse origin (oral, pulmonary, and gastrointestinal mucosa) and skin follicles. 3, 23 Our group has reported that mRNA levels of BPI are also expressed in several cell types in the retina, including RPE, pericytes, and retinal endothelial cells. However, the specific cellular localization of BPI in the retina must be defined in detail. Nevertheless, the findings of similar concentration of BPI in human vitreous and plasma, in addition to its expression in cells not directly exposed to the external environment, suggest that BPI is synthesized in retinal tissues. 1, 2, 4 Our previous study demonstrated that BPI can affect vascular functions and can activate Akt/MAP kinase pathways in several types of retinal cells. 4 However, these results did not provide any information on the binding proteins, which can mediate the effects of BPI in retinal cells. 
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We have characterized some of the mechanisms by which BPI induces its various and paradoxical cellular actions in retinal EC, RPE, and pericytes. The concentrations of BPI required to achieve maximum activity in RPE and pericytes are in the micromolar range, suggesting that the receptors or binding proteins needed for BPI to mediate its actions may not be classical receptors for hormones or cytokines but may rather be more like low-affinity receptors or binding proteins for nutrients or cytoskeletal/matrix proteins. 24, 25 The new finding of GPC4 as a potential cellular receptor for BPI by tandem mass spectroscopy in RPE is consistent with results of the doseresponse curves. Multiple lines of evidence suggested that GPC4 is a plausible candidate for a cell surface receptor of BPI in RPE, even though the originating membrane fractions did not exclusively contain plasma membranes. 26 Structurally, GPC4 belongs to a family of cell surface heparan sulfate proteoglycans, which are anchored to the cell membrane by glycosylphosphatidylinositol and mediate many effects, especially during development. These effects include mitogenic signaling mediated by their heparan sulfate chains. 21, 27 The combined findings that heparitinase, phosphatidylinositol-specific phospholipase C, and anti-GPC4 antibody reduced BPI-induced signaling clearly supported the idea that GPC4 mediates the actions of BPI in RPE. These results also suggest strongly that GPC4 exerts its actions through cellular membranes because all three proteins were added extracellularly to inhibit the actions of rBPI.
The exact signaling mechanism used by GPC4 to activate ERK and Akt after binding to BPI is unclear because glypican does not contain an intracellular kinase domain. It is possible that GPC4 acts as a platform to accumulate heparin-binding growth factors such as fibroblast growth factor and hepatocyte growth factor, thus enhancing their cellular actions. 28 BPI might also bind to GPC4 directly to alter cell surface structures, activate PI3K/Akt or ERK pathways, and modulate VEGF and PDGF-B mRNA expression. We have previously reported that BPI can stimulate DNA synthesis in BRPE and pericytes. 4 The findings of the present study showing that BPI can increase the expression of PDGF-B mRNA levels by BPI may explain the mitogenic actions of BPI on RPE and pericyte growth. It is surprising that BPI did not have any direct effects in endothelial cells, which are reported to express GPC4, 29 though endothelial cells may express other types of glypicans in addition to GPC4. According to Karihaloo et al., 30 the overexpression of GPC4, but not of GPC3, induces sustained MAPK activation and renal tubular formation. In contrast, GPC3 is known to inhibit cell proliferation in a tissue-specific manner. 31 Thus, other glypicans may affect the cell-specific signaling induced by BPI. The antiangiogenic actions of rBPI might have resulted from its inhibitory effects on VEGF expression in various retinal cells. This possibility was suggested by the findings that rBPI 21 decreased H 2 O 2 -induced VEGF expression. Further studies are needed to clarify how GPC4 transduces its intracellular signal in RPE. It is also possible that GPC4 may not be the only BPI binding protein on RPE or pericytes. Clearly, more studies are needed to determine the significance of GPC4 as a receptor for rBPI 21 and to determine whether GPC4 is the receptor for BPI in human RPEs and in cells other than RPE.
In this study, we have identified GPC4 as a putative BPIbinding protein related to the activation of Akt/MAP kinase pathways and biological actions of BPI. The dual effect of BPI as a mitogen for RPE and pericytes resulting in anti-VEGF actions may represent a novel therapeutic potential for the treatment of diabetic retinopathy and all related macular dysfunction. 
